Depth distribution of implanted species and microstructure of oxygen-containing Czochralski grown silicon (Cz-Si) implanted with light ions (such as H + ) are strongly influenced by hydrostatic pressure applied during the post-implantation treatment. Composition and structure of Si:H prepared by implantation of Cz-Si with H + 2 ; fluence D = 1.7 × 10 17 cm −2 , energy E = 50 keV (projected range of H + 2 , Rp(H) = 275 nm), processed at up to 923 K under Ar pressure up to 1.2 GPa for up to 10 h, were investigated by elastic recoil detection Rutherford backscattering methods and the depths distributions of implanted hydrogen and also carbon, oxygen and silicon in the near surface were determined for all samples. The defect structure of Si:H was also investigated by synchrotron diffraction topography at HASYLAB (Germany). High sensitivity to strain associated with small inclusions and dislocation loops was provided by monochromatic (λ = 0.1115 nm) beam topography. High resolution X-ray diffraction was also used.
Introduction
Ion implantation is a technique widely used in the technology of electronic devices made on silicon [1, 2] . Recently, a growth of interest with implantation of hydrogen into silicon was observed. In some papers there were presented the studies of the diffusion process of hydrogen in amorphous Si after implantation [3] and formation of isolator structures in Si after implantation [4] . Hydrogen implantation has been often used to shear and transfer a thin silicon layer in implanted wafer onto a supporting wafer after bonding the two wafers together and subsequent annealing [5, 6] . This work is concerned on the investigations of distributions of hydrogen and concentration of oxygen and carbon in near surface layers of implanted Si after thermal annealing.
Experimental
(001) oriented polished Cz-Si wafers of 100 mm diameter and standard microelectronic quality were used in the described experiment.
Composition and structure of Si:H prepared by implantation of Cz-Si with H + 2 ; fluence D = 1.7 × 10 17 cm −2 , energy E = 50 keV, (projected range hydrogen, R p (H) = 275 nm), processed at 723 K and at 923 K under Ar pressure up to 1.2 GPa (high pressure, HP). HP was applied during annealing of Si:H up to 10 h. The depths profiles of hydrogen and the effects of diffusions were investigated by elastic recoil detection (ERD) and Rutherford backscattering spectrometry (RBS) methods. ERD and RBS measurements have been performed at room temperature. Both methods were simultaneously used in the study of implanted and annealed samples. The energy of exploring ions He + ions was 2.297 MeV, the shuttering angle was θ = 170
• , and the incidence angle of the ion beam on the studied surfaces equals φ = 75
• in the RBS experiment. At the same time recoil hydrogen ions were collected through semi-conductive detector. The angle between the He + beam and the direction of collected hydrogen was 30
• .
The defect structure of Si:H was investigated by synchrotron diffraction topography at HASYLAB (Germany). X-ray (synchrotron) measurements were performed at room temperature.
The samples were systematically studied with various synchrotron topographic methods both in the white and monochromatic beam and by recording the local rocking curves.
The synchrotron X-ray white beam investigations were performed at the experimental station F1 including taking back-reflection section and projection topographs. In both cases a relatively low glancing angle 4-5
• was used. In case of section topographs the beam was limited with a 5 µm narrow slit.
The monochromatic beam investigation was performed in the 0.1115 nm radiation monochromatic beam. The angular setting enabled to reproduce a great part of the sample at the setting at the slope of the diffraction peak. The sizes of the probe beam used for recording of the local rocking curves were close to 50 µm × 100 µm.
Similarly as in the case of our investigations of A III B V compounds implanted with hydrogen the rocking curves of the as implanted sample contained a series of additional interference maxima at the low angle tail of the rocking curve.
Results
In Fig. 1 there are presented the synchrotron rocking curves of the reference hydrogen implanted with H + ions. The period of these maxima systematically increases toward the low angle, being the largest for the most left sample (Fig. 1a) . The curve was analogous to the other analysed in the implantation with hydrogen and indicates the presence of a maximally strained buried layer located close to the maximum of the ion distribution. This maximum seems to be the common effect of interstitial hydrogen and the introduced complexes of point defects in the silicon matrix. A certain lifting of the series of maxima in the middle part of the tail indicates the presence of strain caused by introduced point defects in the silicon matrix, analogously as in case of A III B V compounds [7, 8] . It was found that the high temperature (HT) treatment (here 725 K and 923 K) leads to the process of strong decrease of the strain, probably also as the result of precipitation of hydrogen in complexes of silicon vacancies. That resulted in the complete vanishing of the interference maxima in the rocking curves. At the atmospheric pressure we observed formation of local exfoliation bubbles visible in section and projection topographs. These phenomena cause slight FWHM increase and lifting the tails of the rocking curve. The back-reflection section topographs usually helped the indication whether the distribution of the observed defects is of near-surface or volume character (Fig. 2) . The HP presence up to 12 × 10 8 Pa moderated the process of exfoliation resulting in lower concentration of defects visible in the topography, as well in lower increase of FWHM, and in lower tails of the rocking curve. In this case the section back-reflection pattern revealed the pattern of the interference fringes characteristic for the bent silicon wafers of good crystallographic quality.
The synchrotron white beam section (upper) and projection (lower) topography of sample of Cz-Si implanted with hydrogen is presented in Fig. 3 .
In Fig. 4 there is shown a typical RBS spectrum, collected for implanted Si. Two maxima were observed in RBS spectrum near the energy 0.6 MeV and 0.9 MeV. These peaks are connected with the scattered α particles on the nucleons of carbon and oxygen atoms situated in the near surface layers of Si. On the basis of RBS and ERD measurements, depth profiles of the elements were determined. The simulated spectrum obtained with the help of SIMNRA computer code is in a good agreement with experimental results. It means that the applied model is consistent with reality. In Fig. 5 there are presented collected and simulated (by SIMNRA) ERD spectra for the all samples. It was noticed in Figs. 5a-d that the growth of the annealing temperature causes a shift of the spectra maxima to higher energies. This effect can be attributed to hydrogen diffusion to the surface. It was observed also that with the increase of the annealing time the hydrogen concentration decrease, and this effect can be explained by the loss of hydrogen atoms from the implanted layers during the process of thermal annealing. In Figs. 5a and c a shift of spectra to the lower energies with growing of annealing pressure is observed. This effect is connected with the process of diffusion of hydrogen into the depth of the samples. In Fig. 6 the results of determinations of the depth distributions of hydrogen in the implanted Si after thermal annealing are presented. It is observed that together with the growth of the pressure during annealing the concentration of hydrogen increases in deeper regions of the sample.
It is found that the growth of the annealing time causes a decrease of the concentration of hydrogen in samples annealed at 723 K and we can observe also a diffusion process of hydrogen towards the surface in the Si implanted and annealed at 923 K samples.
Conclusions
To summarize these studies, all parameters of annealing are very important in the process of hydrogen diffusion in implanted Si. The pressure at the annealing process plays a decisive role in the creation of the depth distribution of hydrogen and suitable profile could be obtained by changing the pressure.
